Objectives: We assessed the value of speckle tracking imaging performed early after a first ST-segment elevation myocardial infarction (STEMI) in order to predict infarct size and functional recovery at 3-month follow-up.
Introduction
Echocardiography is a useful tool for risk stratification and prognosis assessment following acute myocardial infarction (AMI). Several echocardiographic parameters, such as left ventricular (LV) volume, ejection fraction (EF), wall motion score index (WMSI), presence of mitral regurgitation, and left atrial volume, have been shown to provide prognostic information [1] [2] [3] [4] . LV volume and EF are the primary means for assessing myocardial systolic function and myocardial damage after AMI. Nevertheless, it must be taken into account that these indices are global and load-dependent. The development of cardiac magnetic resonance imaging (CMR) with the tagging approach and echocardiography with the speckle-tracking strain imaging has provided additional tools to assess global and regional functions according to myocardial fiber orientation and position within the myocardial thickness [5] [6] [7] . As a result, longitudinal, radial, and circumferential functions can be distinctively assessed. Using speckletracking imaging, several studies have demonstrated the usefulness of longitudinal and circumferential strains in differentiating between sub-endocardial and transmural AMI, and assessing post-AMI prognosis [7] [8] [9] .
CMR is currently considered to be the most reliable method for determining microvascular obstruction (MVO) in the first days after reperfusion [10] and for measuring accurately infarct size a few weeks later [11, 12] , both parameters being well-established prognosticators [11, 13, 14] . However, CMR accessibility is limited, whereas echocardiography is readily available.
In the present study, we sought to prospectively assess the value of speckle tracking imaging performed within the first days after successful reperfusion in ST-segment elevation myocardial infarc-tion (STEMI) patients in order to predict initial microvascular obstruction (MVO) and infarct size at a later time point.
Method
Patients with STEMI admitted to the Angers university hospital were prospectively enrolled. Inclusion criteria were as follows: primary or rescue percutaneous coronary intervention (PCI) for first STEMI within 12 hours of symptom onset; age above 18 years; culprit coronary artery with proximal occlusion, i.e., proximal or mid-left anterior descending coronary artery, proximal dominant circumflex coronary artery, or proximal right coronary artery; thrombosis in myocardial infarction (TIMI)-flow Grade 0 or 1 prior to PCI, and successful revascularisation with TIMI-flow Grade 2 or 3 after stenting. Diagnosis of STEMI was defined by chest pain for at least 30 minutes, ST-segment elevation $0.1 mV in at least two or more limb leads, or ST-segment elevation $0.2 mV in two or more contiguous precordial leads. Exclusion criteria were cardiogenic shock, history of myocardial infarction or aorto-coronary bypass surgery, contraindication to CMR and cardiac arrest before PCI.
Baseline echocardiography was performed within 5 days after myocardial reperfusion. CMR was performed at baseline, within 10 days after myocardial reperfusion in order to assess MVO, with the examination repeated at 3-month follow-up in order to quantify infarct size and infarct transmurality.
The protocol was approved by the Institutional ethics committee at the University Hospital of Angers (France), and the study was conducted in accordance with the Declaration of Helsinki and French regulatory requirements. Prior to being included into the study, the patients gave their written informed consent.
Echocardiography
Images were obtained in the left lateral decubitus position with a commercially available VIVID 7 system (GE Healthcare, Horten, Norway) using a 2.5 MHz transducer at a depth of 14 to 16 cm. Standard data on bi-dimensional echocardiography was collected according to American Society of Echocardiography (ASE) guidelines [15] , with LV size evaluated by M-mode on a parasternal long axis view, and wall motion scored using a 16-segment LV model as follows: 1 = normokinetic, 2 = hypokinetic, 3 = akinetic, and 4 = dyskinetic. LV and left atrial volumes were estimated using the biplane Simpson's method from apical fourchamber and two-chamber views. Aortic stenosis and mitral regurgitation were quantified [15] .
For 2D-strain analysis, apical four-, three-, and two-chamber views, and parasternal short axis view at papillary muscle level were stored in cine-loop format, triggered to the QRS complex during one heart cycle with frame rates between 55 and 70 frames/sec. These cine loops were then analyzed off-line on the EchoPAC (GE healthcare, Horten, Norway) system, based on frame-by-frame tracking of natural acoustic markers [16] . Peak systolic longitudinal strain (LS) was determined for each of the 16 segments, and longitudinal global strain was then calculated. Peak radial and circumferential systolic strains were determined from papillary muscle level short axis view, with mean values computed. All acquisitions and analyses were carried out by a single experienced cardiologist blinded to the CMR results (Figures 1  & 2) .
For 2D-strain analysis, inter-observer and intra-observer agreements were determined based on recordings obtained from twenty random patients.
Cardiac Magnetic Resonance Imaging
CMR scans were performed with 1.5-T imager (Avanto, Siemens, Erlangen, Germany) using an 8-element phased-array cardiac receiver coil. Localization was carried out using breathhold real-time and steady-state free precession images of true anatomical axes of the heart. LV function was assessed by means of cine imaging using a segmented steady-state free precession pulse sequence in multiple short-axis, long-axis, and four-chamber views covering the entire LV. Typical in-plane resolution was 1.661.9 mm, with a 7.0 mm section thickness and the following parameters: repetition time (TR)/echo time (TE): 2.6 ms/1.3 ms; flip angle: 80u; matrix: 2566208; temporal resolution: 35-50 ms. Receiver bandwidth was set to 930 Hz/px and adapted to the shorter echo spacing (3.1 ms).
Late gadolinium enhancement (LGE) was performed 10-12 minutes following initiation of gadoterate meglumine (DO-TAREM, Guerbet, Aulnay-sous-Bois, France), administered in cumulative dose calculated at 0.2 mmol/kg of body weight, along with a two-dimensional segmented inversion-recovery gradientecho pulse sequence. Typical in-plane resolution was 1.6861.68 mm, with a 7.0 mm section thickness and the following parameters: TE: 4.66 ms; flip angle: 30u; image acquisition triggered at every other heartbeat; matrix: 2566208. Inversion Table 1 . Characteristics of the patient population (n = 41).
Variable

Age , y 57612
Male, % (n) 82 (34) Smoking, % (n) 56 (23) Diabetes, % (n) 19 (8) Hypertension, % (n) 39 (16) Family history of CAD, % (n) 41 (17) Dyslipidemia, % (n) 56 (23) Primary PCI, % (n) 80 (33) time was set to null the normal viable myocardium signal and typically ranged from 240 ms to 300 ms. All deidentified images were analyzed at the central core laboratory by two experienced observers who were blinded to the patient data. Commercially available software (QmassMR 7.1, the Netherlands) was used for the analysis. Endocardial and epicardial borders were outlined manually on all end-diastolic and endsystolic short-axis cine slices. LV end-systolic and end-diastolic volumes, EF, and LV myocardial mass were then calculated in a standard manner.
The recommended 17-segment system was employed [17] , with the two blinded observers' consensus required.
LV segmental motion was assessed visually using a three-grade scale: 0 = normal; 1 = hypokinesia; 2 = akinesia, dyskinesia, or systolic expansion.
Transmural myocardial LGE extension was assessed visually. The segmental extent of LGE was assessed as follows: 0 = 0%; 1 = 1%-25%; 2 = 26%-50%; 3 = 51%-75%; 4 = 76%-100% hyperenhancement. We considered myocardium non viable if LGE exceeded 75% of mural extent.
LGE area was manually defined on all segments, and infarct size was defined as the total LGE mass. Microvascular obstruction (MVO) was identified by the presence of a central hypoenhancement within the bright signal [10] , and the MVO area was manually traced on all segments. In cases where no MVO was present, MVO mass was set at zero. For CMR parameter analysis, including LV volumes, EF, mass, LGE mass, and MVO mass, inter-observer agreements were determined based on data gathered from 20 random patients. Infarcted Area Analysis
A segment was considered as part of the infarcted area if LGE was present in more than 50% of the circumferential extent for that segment [18] . Mean LGE segmental extent in the infarcted area was calculated, with a value .75% required for the diagnosis of transmural infarction.
The mean value of longitudinal strain was calculated within the infarcted area (infarct LS) so as in the remote myocardium area.
Statistical Analysis
Data was presented as mean6standard deviation or median (25 th ;75 th percentiles) in cases of non-normal distribution, with categorical data expressed as frequencies and percentages. We compared baseline with 3-month CMR data using McNemar test or a Chi-squared test, as appropriate. Baseline echocardiographic and CMR data obtained at 3-month follow-up was compared using Pearson's correlation test. P-values ,0.05 were considered statistically significant.
For multivariate analyses, echocardiographic data was tested by a descending step-by-step linear regression analysis, including variables with p values ,0.05. The linear relation between dependent and independent variables was tested, as was the normal distribution of the residuals on PP plots. Analysis was performed using SPSS version 15.0 for Windows (SPPS, Inc, Chicago, IL).
We calculated the specificity, sensitivity, as well as positive and negative values of different parameters for predicting myocardial contractility recovery at 3-months (absence of recovery was defined by $3 akinetic segments at 3 month). ROC curves were generated.
Inter-observer agreement was studied in a blinded fashion using echocardiographic and CMR scans randomly selected from 20 patients, which were analyzed on EchoPac and QmassMR software by two different observers. Intra-observer agreement was also tested in a blinded fashion using 20 speckle tracking examinations, which were analyzed at two different times on EchoPac. Inter-and intra-observer agreements were assessed using the Bland and Altman method [19] , and intraclass correlation coefficients (ICC) [20] were calculated. For radial and circumferential strain reproducibility analysis, two examinations were not evaluable due to lack of echogenicity on parasternal view.
Results
In total, 44 patients were included in the study between February 2009 and March 2010. Of these, three were excluded from analysis, one because of surgically treated significant ischemic mitral regurgitation at 1-month follow-up, another because of significant aortic stenosis, and the remaining patient because of pace-maker implantation prior to the second CMR. Characteristics of the remaining 41 patients are summarized in Table 1 . Of note, two patients with acute anterior STEMI presented small inferobasal, previously unknown infarctions. Echocardiographies were conducted 3.961.2 days and CMR 5.662.5 days and 99.464.6 days following myocardial reperfusion, with echocardiographic and CMR data summarized in Table 2 .
Feasibility and Reproducibility of 2D Strain Analysis
No patient was excluded from analysis due to insufficient apical acoustic windows. Longitudinal global strain data was assessed in 40 (97%) patients, and radial and circumferencial strain data in 35 (85%).
Bland and Altman tests for longitudinal, radial, and circumferential global strains and LVEF are illustrated in Figures 3 and 4 . 
Correlations between Early Echocardiographic Assessment and Infarct Size as Measured by CMR at 3-month Follow-up
LGE mass evaluated at 3 months significantly correlated with the following echocardiographic data: longitudinal global strain (GLS) In multivariate analyses, as illustrated in Table 3 , baseline LVEF and GLS were independent predictors of LGE mass at 3 months (respectively, p = 0.004 and p = 0.033). Table 3 . Multivariate analysis of echographic data for predicting CMR-derived infarct size (n = 35). When studying transmural extension of LGE at 3 months, LVEF and CGS were related to LGE above 75% of transmural extension (respectively, p = 0.002 and p = 0.037).
Echocardiographic Assessment of MVO Measured by CMR at Baseline
MVO was reported in 24 patients (58.5%), and MVO mass significantly correlated with the following echocardiographic data: GLS (R = 0.376, p = 0.010), WMSI (R = 0.387, p = 0.011), and EF (R = 20.389, p = 0.011).
In multivariate analyses, GLS was the only independent predictor of MVO mass (Table 4) .
Segmental Analysis and Follow-up Functional Prognosis
Mean GLS was 213.963.4%. Mean LS in the remote and infarcted segments was 215.763.7% and 210.564.6%, respectively. Concerning the infarcted myocardium, mean LS of viable and non viable segments was 214.864.6% and 29.164.7%, respectively.
Overall, 23 patients presented an akinesia affecting at least three segments at baseline, 10 having recovered at 3-month follow-up.
ROC curves for predicting akinesia $3 segments at follow-up are displayed in Figure 5 . A cut-off of infarct LS .26.0% exhibited a 96% specificity for this prediction ( Figure 5 & Table 5 ). The association of infarct LS .26.0% with a MVO extending over two segments increased sensitivity and specificity (Table 5) .
Discussion
In the present study, 2D-strain echocardiography conducted within the first days after successful reperfusion in STEMI patients was feasible and provided relevant prognostic information. GLS was a marker of 1) MVO mass assessed a few days after reperfusion and 2) infarct size at 3-month follow-up, while 3) infarct LS .26.0% measured at the acute phase showed good specificity for diagnosis of a persistent akinesia ($3 segments) at 3-month follow-up but a poor sensitivity (61%).
Cardiac imaging techniques at the acute myocardial infarction phase mainly aim to provide prognostic factors. Infarct size is wellrecognised as a strong outcome predictor following myocardial infarction [21, 22] , while the evaluation of transmural myocardial infarct extension is predictive of myocardial viability [23] . CMR performed a few weeks after AMI occurrence allows for quantifying these two prognostic factors using LGE [12, 24] . When LGE-CMR is performed earlier, i.e., a few days after reperfusion, the examination is instrumental in detecting and quantifying MVO [10, 14] . All these factors are predictive of LV remodeling, which is associated with poorer outcome [25] . Echocardiography, as a bedside tool, is able to provide prognostic information at the acute myocardial infarction phase [2, 26] , and LVEF and WMSI are the main echocardiographic parameters strongly predictive of all-cause mortality following AMI [27, 28] . In the majority of cases, LVEF is assessed using the Simpson's biplane method [29] . However, this measurement is a global LV function evaluation using a volumetric approach, and its reproducibility requires training and experience. In contrast, WMSI is rather a regional function parameter, and its evaluation is subjective. Cardiac mechanics are complex, and these two parameters do not allow us to study the spatial organization of myocardial fibers [30] . While longitudinal or long-axis function is mainly accounted for by sub-endocardial layers organized in an oblique clockwise orientation, short-axis function, reflecting the thickening of the myocardium visible in 2D-echocardiography, is mainly due to circumferentially oriented mid-layers and an outer layer arranged in an oblique anticlockwise direction.
New echocardiographic modalities, such as strain imaging, provide new insights into cardiac mechanics, with 2D-strain echocardiography being a highly promising tool [16] . This angle- Table 5 . Imaging parameters for the prediction of an akinesia affecting at least 3 segments at follow-up.
Sensitivity (%)
Specificity ( independent echocardiographic method has been validated against sonomicrometry in animals and tagged-CMR in humans for measuring myocardial deformation [31] . Longitudinal, radial, and circumferential strain can be quantified, reflecting these different deformations. Longitudinal strain has been shown to be the first altered function in AMI due to early necrosis of subendocardial layers of myocardial fibers [32] , while radial function is still preserved. It has been demonstrated that circumferential strain allows investigators to differentiate between sub-endocardial and trans-mural infarction [9, 33] . Thus, though load-dependent, these parameters provide a more accurate insight into regional myocardial function and its impact on global function. GLS has recently been studied in AMI, being shown to exhibit a predictive value for infarct size and LVEF recovery [6, [34] [35] [36] [37] [38] . Several studies have demonstrated the feasibility of measuring these parameters in the AMI setting [5, 39] . Our study confirmed GLS's value as a marker of infarct size in AMI patients, as evaluated by CMR at 3 months. We studied strain parameters in the three main axes (radial, longitudinal, and circumferential), whereas most other published studies were chiefly focused on longitudinal strain alone [36] . Reproducibility and feasibility of GLS have been well-established in the AMI setting [5, 6, 34, 35, 39] , which underlines the parameter's value as a prognostic tool. However, it appears crucial to also assess radial and circumferential strains on account of the complex organisation and interaction between these deformation parameters [7] . Therefore, in our prospective study comparing CMR and echocardiography, baseline circumferential strain provided information on the transmural extension of infarction. This clinically relevant observation is concordant with results obtained in chronic ischemic cardiomyopathy [9, 15, 33] . In the infarction setting, radial strain is conserved and has thus less usefullness. In the recent VALIANT echocardiographic sub-study, both longitudinal and circumferential strains were predictors of outcomes, whereas only circumferential strain was predictive of remodeling, suggesting that preserved circumferential function might help restrain ventricular enlargement after AMI. [7] .
Our CMR study provided additive information on MVO, another post-MI prognostic factor, as GLS was shown to significantly correlate with MVO mass. To the best of our knowledge, MVO's influence on myocardial strain is still unclear, although MVO was shown to exhibit a significantly negative impact on regional function at the segmental level [40] .
Limitations
This was a prospective, monocentric study, with echocardiography and CMR required to be performed within the first days after reperfusion. Therefore, including a large patient number proved difficult, and the main limitation of our study is its small sample size, essentially due to limited CMR accessibility. As a consequence, we were not able to assess initial strain imaging values so as to predict later LV remodeling, although encouraging results were obtained with surrogate markers, notably myocardial infarct size and MVO.
Our study was exclusively based on 2D strain analysis, itself limited to the quality of view acquisition and to its 2D nature. Inplane and out-of-plane motion may, in fact, pose a problem for strain analysis, which not encountered when using the 3D or MRtagging approach [41] .
It is worth mentioning that although the cut-offs and corresponding sensitivity, specificity, and predictive negative and positive values were specific to our dataset, they were nevertheless of particular interest in terms of defining how GLS relates to akinetic territory. However, when computing the limits of agreements for GLS (see figure 3 ) and the differences in GLS between viable and not viable segments in infracted myocardium, it should be cautioned that this thresholds may be insufficiently precise for an individual assessment.
Conclusion
2D-strain echocardiography carried out as a bedside test within a few days after reperfusion in STEMI patients provides indices similar to those obtained using CMR. Further studies involving larger patient series and registries are needed to confirm the parameters' prognostic value in terms of LV remodeling and clinical patient outcome.
